Transition from fetal to postnatal life requires significant changes in cardiac, pulmonary, and hepatic blood flow. As such, there must be changes in vascular control in these vascular systems. Vascular resistance, a major contributor to blood flow, is mediated in the ductus arteriosus and pulmonary vasculature by endothelial nitric oxide synthase (eNOS). This study was conducted to determine the ontogeny of hepatic eNOS expression and activity. Additionally, the expression and activity of inducible nitric oxide synthase (iNOS) was measured to determine whether perinatal hypoxia resulted in detectable levels. NOS mRNA and proteins were determined by reverse transcription PCR assay and semiquantitative Western blot analysis, respectively. NOS activity was measured by the formation of [ 14 C]-citrulline from [
Transition from fetal to postnatal life requires significant changes in cardiac, pulmonary, and hepatic blood flow. As such, there must be changes in vascular control in these vascular systems. Vascular resistance, a major contributor to blood flow, is mediated in the ductus arteriosus and pulmonary vasculature by endothelial nitric oxide synthase (eNOS). This study was conducted to determine the ontogeny of hepatic eNOS expression and activity. Additionally, the expression and activity of inducible nitric oxide synthase (iNOS) was measured to determine whether perinatal hypoxia resulted in detectable levels. NOS mRNA and proteins were determined by reverse transcription PCR assay and semiquantitative Western blot analysis, respectively. NOS activity was measured by the formation of [ 14 C]-citrulline from [ 14 C]-arginine. Localization of eNOS within the liver was determined by immunohistochemistry. eNOS mRNA was detectable at low levels at 18-d gestation and increased after birth, reaching a maximum level (4.5-fold increase) at 20 d of life. Parallel patterns for eNOS protein and activity were seen, with 6.9-fold and 16.1-fold increases, respectively. In the prenatal rat, eNOS was localized to areas of extramedullary hematopoiesis, with little signal in the sinusoids. Postnatally, there was a decrease in staining in the hematopoietic cells and a gradual increase in the staining of the endothelium of the sinusoids and central veins. iNOS mRNA and protein could not be detected at any age. eNOS expression and activity are developmentally regulated, increasing after birth coincident with an initial relative hypoxia and an increase in shear forces upon closure of the ductus venosus. NO is a short-lived free radical that influences physiologic processes in essentially every organ and tissue. Some of the roles of NO include neuromodulator, prevention of clotting, mediation of bactericidal and tumoricidal activity of macrophages, and regulation of blood pressure. NO is enzymatically synthesized from L-arginine by three known NOS isoforms: constitutively expressed eNOS (or NOS-3), nNOS (or NOS-1), iNOS (or NOS-2) (1) (2) (3) . NO production by eNOS is primarily regulated by fluctuations in intracellular calcium levels. In the liver under normal conditions, only eNOS is present, produced by the sinusoidal endothelial cells (4, 5) . The resulting low level of NO production is a major contributor of the basal vascular tone in the normal liver (4, 5) . eNOS plays a role in control of vascular tone in most vascular beds (6) . eNOS participates in the control of vascular tone during the transition from fetal circulation to postnatal circulation in the ductus arteriosus (7) and lung (8) . The role of eNOS in control of the ductus arteriosus is age dependent. The effects of eNOS are more pronounced in determining vascular tone of the ductus arteriosus in the preterm animal than in the near-term or adult animal (7, 9) . During the transition period, blood flow to the lungs is increased by a number of factors, including closure of the ductus arteriosus and dilation of the pulmonary vasculature. The latter is under the control of eNOS. Expression of eNOS in the lung is highest at the time of birth, possibly serving to optimize the capacity for pulmonary vasodilation during transition (5, 8) . Hepatic blood flow also changes significantly postnatally. Fetal hepatic blood flow derives from the umbilical vein (75%), portal vein (15-20%), and hepatic artery (5-10%), with 50% of the umbilical vein blood flow bypassing the liver via the ductus venosus. After birth, the portal vein (67-75%) and the hepatic artery (25-33%) supply hepatic blood flow. In the immediate postnatal period, the percentage oxygen saturation (%O 2 sat) of the hepatic artery increases, however, hepatic artery flow does not increase. In contrast, portal vein flow increases 3-fold after birth, but up to 40% continues to be shunted through the ductus venosus (10, 11) . Complete closure of the ductus venosus may not occur for several days. Thus, in the immediate postnatal period there is a decrease in oxygen delivery to the liver. As the ductus venosus closes, there is increased oxygen delivery to the liver, as well as increased shear forces in the hepatic sinusoids. Previous research has shown that expression of eNOS mRNA in the liver is up-regulated both by hypoxia (12) and increased shear forces (5) .
To date, the ontogeny of hepatic eNOS has not been studied. We propose that there are age-related differences in the expression of hepatic eNOS in the developing rat, reflecting changes in oxygen delivery and shear forces as they pertain to transition from fetal to postnatal circulation. The aim of this study was to determine the pattern of the eNOS expression and activity in the liver of the developing rat. Animal care and collection of tissue. Pregnant Sprague Dawley rats were obtained at 14 d of gestation (term ϭ 22 d) and kept in plastic cages with free access to food and water with alternating 12-h periods of light and darkness. In experiments requiring fetal tissue, the dam was killed by CO 2 narcosis and cervical dislocation, followed by delivery of fetuses by cesarean section. In experiments requiring neonatal tissue, pups were kept with the mother with free access to breast-feeding before weaning, and standard rat chow and water post weaning. At selected ages, pups were killed by CO 2 narcosis and cervical dislocation. The time points were gestational ages of 18 d and 20 d, and postnatal ages of day of birth, 1 d, 5 d and 20 d. Adult, male Sprague Dawley rats (200 -250 g) were used as the time point for adults, in an effort to avoid any potential effect of estrous on expression of NOS. The care and sacrifice of these animals was as described for the pregnant rats. The study was approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center.
MATERIAL AND METHODS

Chemicals
Measurement of eNOS and iNOS mRNA. Total RNA was extracted from liver using TRIzol Reagent (Invitrogen, Carlsbad, CA, U.S.A.), and 1.5 g of total RNA was reverse transcribed into cDNA using Reverse Transcription System (Promega, Madison, WI, U.S.A.), using random hexamer as primers. The reaction was carried out at room temperature for 10 min and at 42°C for 60 min, followed by termination at 95°C for 5 min and ice for 5 min. The resulting cDNA was stored at Ϫ70°C until the time of amplification. Specific cDNA were amplified by PCR in the presence of Taq DNA polymerase and oligonucleotide primer pairs designed for targeting eNOS and iNOS cDNA. ␣-[
32 P]-dATP was used for labeling the amplified cDNA. The reaction was performed in a final volume of 50 L, consisting of 50 mM KCL, 10 mM Tris-Cl, 1.5 mM MgCl 2 , 0.2 mM dNTP, 1 Ci ␣-[
32 P]-dATP, 1 unit Taq DNA polymerase, 0.5 M each primer, and 2 L cDNA. The PCR reaction condition was 3 min at 94°C, 29 cycles at 94°C for 30 s, 55°C for 40 s, 72°C for 1 min, and then 72°C for 10 min, followed by 4°C.
The sequences of the primer pairs for eNOS and iNOS are as follows (13, 14) :
The size of the amplified DNA fragments for eNOS and iNOS are 693 bp and 127 bp, respectively.
PCR products were subjected to a 5% PAGE. To insure that equal amounts of reverse-transcribed cDNA were applied to the PCR reaction, the primer pairs of ␤-actin (CLONTECH, Palo Alto, CA, U.S.A.) were included in the PCR reaction as a reference (764 bp). The gels were first stained with ethidium bromide, photographed, and then exposed to Kodak BIOMAX MS film. A 100-bp DNA ladder marker was used to identity the molecular weight of the targeted DNA. The film was scanned and analyzed with a densitometer and the ImageQuant software (Molecular Dynamics, Sunnyvale, CA, U.S.A.). The ratio of the intensity of the eNOS band to that of ␤-actin was used to semiquantitatively compare NOS expression between groups (15). To insure that the reverse transcription (RT)-PCR reaction was not run to saturation, PCR was performed over a range of cycles for both eNOS and ␤-actin. The RT-PCR reaction was performed at 29 cycles, which was in the linear region of the cycles.
Western blotting for eNOS and iNOS. NOS protein level was determined by Western blot analysis. Supernatant samples collected from the NOS activity assay were boiled with loading buffer for 5 min and separated by 7.5% SDS-PAGE, then transferred to nitrocellulose membranes using a Bio-Rad Electroblotter (Bio-Rad, Hercules, CA, U.S.A.). Monoclonal mouse anti-eNOS antibody (1:1000) and anti-iNOS (1:500) (Transduction Laboratories, Lexington, KY, U.S.A.) were used to detect NOS isoforms in the liver using the Enhanced Chemiluminescence System (Amersham Health). For semiquantitative comparison of the different age groups, samples were compared with ␤-tubulin. Monoclonal anti-␤-tubulin antibody 3F3-G2 was a kind gift provided by Dr. J.L. Lessard, University of Cincinnati. Densitometric quantification of Western blot signal intensity of autoradiograms was performed using Molecular Analyst Software (Bio-Rad). The molecular weights for eNOS, iNOS, and ␤-tubulin are 140 kD, 130 kD, and 110 kD, respectively. -independent NOS activity. Duplicate samples were run in the presence and absence of 1 mM N G -nitro-L-arginine methyl ester (L-NAME) for all samples to assure that the measured radioactivity represented NOS activity. [ 14 C]-citrulline in each sample was separated from the mixture by ion-exchange chromatography using Dowex 50W/50X-400 (sodium form) column. The eluent was collected and mixed with 10 mL of scintillation cocktail for radioactivity quantitation by liquid scintillation spectrometry. The results were expressed as picomoles citrulline per microgram protein per minute. The protein content of each sample was determined by the Bradford method with BSA as the standard.
Immunohistochemistry for hepatic eNOS.. Sections of liver tissue were immunostained with eNOS antibody using an ABC kit from Vector Laboratories (Burlingame, CA, U.S.A.) according to the manufacturer's recommendations. Briefly, 3-L thick slices of formalin-fixed, paraffin-embedded liver were mounted on slides. The slides were deparaffinized, followed by suppression of endogenous peroxidase activity by immersion in methanol containing 2% H 2 O 2 for 30 min. Antigen retrieval was achieved by heating in 0.01 M citric acid, pH 6.0, for 20 min in a Handy Steamer (Black & Decker, Model HS 800). Nonspecific binding was blocked with 10% horse serum in PBS at room temperature for 1 h. The sections were washed in PBS with 0.05% Tween-20 thrice for 2 min each time, followed by incubation overnight at 4°C with mouse anti-eNOS antibody (1:50) in PBS containing 4% horse serum. The sections were washed in PBS twice for 2 min each time, followed by incubation for 1 h at room temperature with biotinylated goat anti-mouse IgG (1:200) in PBS containing 1.5% horse serum. Next, the slides were incubated with avidin-biotinperoxidase conjugate for 30 min at room temperature; the colored reaction product was developed by incubation for 7 min with 0.05% diaminobenzidine in 0.01% H 2 O 2 in PBS. The slides were counterstained with hematoxylin. Negative controls were carried out under the same conditions using mouse IgG instead of eNOS antibody.
Statistical methods. We used a repeated measures ANOVA to examine differences in the means for the seven time intervals. Because of suspected heterogeneity of the variances, we transformed the data to a natural logarithm scale to perform the ANOVA. A global test aimed at assessing significant differences in the responses over time was considered significant if p Ͻ 0.05. After a significant global test, pair-wise differences were assessed using a Bonferroni approach. In addition, a test for linear trend was reported as an indication of general increase in response over time.
RESULTS
Expression of eNOS mRNA. We first performed a RT-PCR reaction for eNOS, iNOS, and ␤-actin at increasing numbers of cycles to insure that the reaction had not reached saturation. PCR products were seen for eNOS and ␤-actin, however, no PCR product was seen for iNOS up to 32 cycles. We chose 29 cycles for all future RT-PCR reactions. nNOS was not assessed in this study, as previous studies have failed to show its presence in the liver (4, 5) .
Maturational change in steady-state expression of eNOS RNA as determined by semiquantitative RT-PCR is shown in Figure 1A . A representative gel (Fig. 1B) shows a single PCR product for eNOS with the predicted size of 693 bp. Similarly, a single PCR product for ␤-actin was seen at the predicted size of 764 bp; this band was used to determine equal amplification.
Semiquantitation using densitometry showed that eNOS mRNA was present at low levels before delivery (gestational ages 18 and 20 d) and on the day of birth. On d 1, eNOS mRNA was increased over preterm levels, however, it did not reach statistical significance. On d 5, there was a further increase in eNOS mRNA, which did reach statistical significance. Maximal expression of eNOS mRNA is seen on d 20; a 4.5-fold increase compared with 18 d gestational age. The mRNA level remained relatively constant in the adult animal. Linear trend analysis revealed a significant (p Ͻ 0.001) increase in hepatic eNOS mRNA expression from preterm to adult. eNOS protein expression. Maturational changes in eNOS protein expression in liver from fetal, neonatal, and adult rats are depicted in Figure 2A . The pattern of protein expression paralleled that of mRNA expression for eNOS. A representative Western blot is shown (Fig. 2B) . Semiquantitative densitometry confirmed that eNOS protein is minimally expressed in the prenatal period and on the day of birth. On d 1 eNOS protein is significantly increased compared with earlier time points. There is a trend toward further increase on d 5, however it does not reach statistical significance. Maximal expression of eNOS protein is seen on d 20 (6.9-fold increase compared with 18 d gestational age); the protein level remains relatively constant in the adult animal. Linear trend analysis revealed a significant (p Ͻ 0.001) increase in hepatic eNOS protein concentration from preterm to adult. eNOS activity. The ontogeny of eNOS activity is depicted in Figure 3 . The pattern of eNOS activity was similar to that of mRNA and protein expression. Activity was present in low levels before birth. On the day of birth there is a significant increase in eNOS activity. Another significant increase in activity is seen on d 5, which represents the time after closure of the ductus venosus. Maximal activity is seen on d 20 (16.1-fold increase compared with 18 d gestational age), which persisted unchanged in the adult. Linear trend analysis revealed a significant (p Ͻ 0.001) increase in hepatic eNOS activity from preterm to adult.
Expression of iNOS mRNA and protein. There was no identifiable iNOS mRNA in the liver at any age. Similarly, there was no detectable iNOS protein at any age. A representative Western blot is shown in Figure 2B .
Localization of eNOS by immunohistochemistry. Before birth there was marked staining for eNOS in areas of extramedullary hematopoiesis (Fig. 4B) . At 18 d gestation there was no staining of endothelial cells, however, at 20 d gestation there was a hint of staining of central veins. After birth there was a gradual decrease in staining of extramedullary hematopoiesis and an increase in staining of the endothelium. On the day of birth staining was obvious in the central veins, with scattered staining of the sinusoids; there was no discernable change on d 1 (Fig. 4B) . On d 5, staining was more pronounced in the central veins and portal vessels, with more diffuse staining of the sinusoids (Fig. 4B) . On d 20, there was an increase in staining with nearly complete staining of the sinusoids (Fig.  4B) .
DISCUSSION
The present study determined the ontogeny of eNOS expression and activity in the rat liver. Increases in hepatic eNOS mRNA, protein level, and activity were seen from fetal to adult ages, with corresponding increase in immunostaining for eNOS in the sinusoids and central veins. eNOS was present before birth, albeit in low levels. After birth there was an increase in eNOS expression and activity, which reached a maximum at d 20 and persisted in the adult. Heretofore, developmental changes in hepatic eNOS have not been studied, whereas there have been many studies addressing the changes in hepatic blood flow during the transition from fetal to neonatal circulation. Findings of the present study can be understood in relation to known changes in blood flow and oxygen delivery during the transition period.
Developmental changes in eNOS have been reported for other organs where blood flow changes significantly during the transition from fetal to extrauterine life. In point, the ductus arteriosus is regulated in part by eNOS. In oxygen tension mimicking that of the fetus, the ductus arteriosus can respond to exogenous NO despite being unable to produce it in vitro (7). However, once exposed to the elevated neonatal oxygen tension, the ductus arteriosus can produce NO (7). The vasodilatory effect of NO on the ductus arteriosus is more prominent in preterm animals than in the near-term animals, where prostaglandin E is the major vasodilator (7, 9) .
In the developing lung, there is an increase in eNOS mRNA and protein in late gestation, reaching a maximal level at 20 d gestation, followed by a decrease in expression following birth (8) . It has been proposed that maximizing pulmonary eNOS expression at birth may serve to optimize the capacity for NO-mediated pulmonary vasodilation during transition (17) .
Similarly, there are major changes in hepatic blood flow with birth. In utero the liver is supplied by the hepatic artery, portal vein, and umbilical vein, the latter bringing oxygenated blood to the fetus. The ductus venosus serves to shunt this oxygenated blood to the heart, brain, head, and upper body. There is preferential shunting of blood from the ductus venosus to the left side of the heart through the foramen ovale. On average, about 50% of the umbilical vein blood is shunted through the ductus venosus (18) ; the percentage increases with fetal hypoxia (19) . Local control of blood flow to the fetal liver may not be so crucial, as the placenta plays an important role in the metabolic homeostasis of the fetus. The fetus receives a continuous infusion of nutrients via placental blood flow that is high in carbohydrates and amino acids. In fact, hepatic gluconeogenesis does not occur at significant rates in the fetus, rather fetal glucose use during intrauterine life is about equal to umbilical vein glucose uptake (20) . Similarly, in utero most amino acids are transported to the fetus by the placenta. At delivery the fetus becomes biochemically self-sufficient. As such, the liver must be able to perform all aspects of protein production, metabolic homeostasis, and detoxification, making control of hepatic blood flow important after birth. 
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As previously mentioned, eNOS alone is expressed in the normal liver (12) . Localization of eNOS is predominantly in the hepatic sinusoidal epithelium, primarily in the Golgi region of the cell (5). eNOS is important in regulating the basal vascular tone of the liver; expression of hepatic eNOS is influenced by hypoxia and shear forces (4, 5) .
Our data show a 1.5-fold increase in both eNOS RNA and protein from gestational age 18 d to gestational age 20 d, without any significant change in eNOS activity. On the day of birth there was no significant increase in either eNOS RNA or protein levels compared with preterm levels, but a 6-fold increase in eNOS activity. There are several possible explanations for the discrepancy between levels of RNA and protein and activity. It may be that, although the 1.5-fold increases in RNA and protein levels were not statistically significant, they were biologically significant and accounted for the subsequent rise in eNOS activity.
Alternatively, there may be another factor that plays a role in the expression of eNOS activity at the time of delivery. A potential candidate is tetrahydrobiopterin (BH4), an essential cofactor for all three forms of NOS (21) . The principal action of BH4 in intact endothelial cells is to increase the enzymatic activity of eNOS by stabilization of the enzyme, as well as to modestly increase the enzyme level (22) . In the rat, the ratelimiting step in the biosynthesis of BH4 is under the control of the enzyme guanosine triphosphate (GTP) cyclohydrolase-I (23). There is variable developmental expression of both hepatic BH4 and GTP cyclohydrolase-I. In fetal mice at 20 d gestation, GTP cyclohydrolase-I is undetectable and BH4 is only 34% of adult levels, the latter presumably due to transplacental uptake from the maternal circulation (24) . After birth there is seen a rapid rise in GTP cyclohydrolase-I activity and a concomitant increase in BH4 activity (24) ; findings that have been confirmed in other studies (25) . In the context of our data, a postnatal rise in GTP cyclohydrolase-I and BH4 could stabilize the eNOS that is present and account for the significant rise in eNOS activity in the absence of a simultaneous rise in RNA and protein levels. Further rises in eNOS activity with age could be explained by increases in eNOS production, as well as further increases in BH4 activity.
Finally, the eNOS present before birth may not be biologically active. Insight into this concept can be gleaned from the localization of eNOS by immunohistochemistry. Before birth, eNOS is localized to areas of extramedullary hematopoiesis, a finding not previously reported. The potential role of eNOS in extramedullary hematopoiesis is discussed below. After delivery, eNOS is found in the endothelium of the sinusoids and central veins, where it can exert vasoactive properties.
The presence of immunoreactive eNOS in extramedullary hematopoiesis is quite interesting and raises several possible explanations. The presence of immunostaining may simply represent recognition of a protein homologous to eNOS. Alternately, it may represent eNOS that is immunoreactive but not physiologically active. An attractive hypothesis is that eNOS elaborated by extramedullary hematopoiesis serves to produce NO to support angiogenesis. Evidence supports that hematopoietic cells and endothelial cells originate from a common precursor (26) . Endothelial cells, under stimulation by vascular endothelial growth factor, have an increased expression of eNOS and an increase in NO release (27) . NO plays a role in angiogenesis, where it serves as an endothelial "survival factor"-inhibiting apoptosis, enhancing proliferation and migration of endothelial cells, and suppressing angiostatin (28, 29) .
During transition in the immediate postgestational period there is a decrease in oxygen delivery to the liver (30) . We contend that this relative hypoxia results in a further increase in eNOS expression. On d 1, eNOS mRNA, protein, and activity are increased 1.6-fold, 1.7-fold, and 1.3-fold, respectively, compared with the day of birth (d 0). Previous studies have shown that hepatic eNOS mRNA increases 2.0-and 2.6-fold in acute hypoxia induced by inhalation of 9% oxygen and 0.1% carbon monoxide, respectively (12) . The response to acute hypoxia is not limited to the liver; increases in eNOS mRNA are seen in the right ventricle, lungs, and kidney, suggesting that the eNOS gene could be regulated by hypoxia (12) . Similarly, eNOS mRNA and protein levels have been shown to increase in response to chronic hypoxia in the lung (31, 32) .
Increases in eNOS expression occurring after d 1 cannot be explained by hypoxia. However, the increased shear forces that accompany closure of the ductus venosus may directly lead to increased expression of eNOS. In a morphologic study in neonatal rats, the ductus venosus closed completely by d 2 of life (33) . With closure of the ductus venosus, the entirety of portal vein flow passes into the hepatic sinusoids. Although the liver is a low-resistance organ, there are increased shear forces associated with flow through the sinusoids (34) . There is direct evidence that increased shear forces enhance eNOS activity (5, 35, 36) . The resulting increase in NO production from high shear forces can lead to vasodilation and subsequent decrease in resistance. In our study, maximal eNOS expression occurs after closure of the ductus venosus. There was a slight further increase on d 20, with no further change in the adult rat.
The lack of iNOS expression is in keeping with previous studies that failed to show the presence of iNOS in normal liver (32) . However, we anticipated that iNOS would be detectable immediately after birth due to the relative hepatic hypoxia seen during this time period in accordance with previous studies have shown that ischemia-reperfusion leads to an increase in expression of hepatic iNOS (37) . Absence of detectable iNOS expression immediately after birth may be explained by a relatively minor hypoxia that may result in a lesser stimulus than true ischemia reperfusion. Alternatively, our measures for iNOS mRNA, protein, and activity may not have been sensitive enough to allow detection.
We have shown that there is a developmental expression of eNOS in the liver, in keeping with similar findings in the vasculature of the heart and lungs. These results add to the understanding of physiologic changes in hepatic blood flow during the transition from fetal to extrauterine life. These data can serve as a baseline for further research to evaluate the effect various prenatal stressors (such as maternal hypertension, placental insufficiency, and hypoxia) on eNOS expression and hepatic blood flow in the fetal and neonatal rat.
ONTOGENY OF HEPATIC eNOS
